The biological behavior of chronic lymphocytic leukemia and small lymphocytic lymphoma is unpredictable. Nonetheless, non-mutated IgV H gene rearrangement, ATM (11q22-23) and p53 (17p13) deletion are recognized as unfavorable prognosticators in chronic lymphocytic leukemia. The mRNA expression of activation-induced cytidine deaminase (AID), an enzyme indispensable for somatic hypermutation processes, was claimed to be predictive of non-mutated chronic lymphocytic leukemia cells in blood. Here, we evaluated AID protein expression compared with known molecular and immunohistochemical prognostic indicators in 71 chronic lymphocytic leukemia/small lymphocytic lymphoma patients using a tissue microarray approach. We found AID heterogeneously expressed in tumor cells as shown by colocalization analysis for CD5 and CD23. Ki-67 positive paraimmunoblasts of the proliferation centers displayed the highest expression. This observation is reflected by a significant association of AID positivity with a high proliferation rate (P ¼ 0.012). ATM deletion was detected in 10% (6/63) of patients and p53 deletion in 19% (13/67) of patients. Moreover, both ATM (P ¼ 0.002) and p53 deletion (P ¼ 0.004) were significantly associated with AID. IgV H gene mutation was seen in 45% (27/60) of patients. Twenty-five percent (17/69) of patients with AID-positive chronic lymphocytic leukemia/small lymphocytic lymphoma displayed a shorter survival than AID-negative chronic lymphocytic leukemia/small lymphocytic lymphoma patients (61 vs 130 months, P ¼ 0.001). Although there was a trend, we could not show an association with the IgV H gene mutation status. Taken together, our study shows that AID expression is an indicator of an unfavorable prognosis in chronic lymphocytic leukemia/small lymphocytic lymphoma patients, although it is not a surrogate marker for the IgV H status. Furthermore, the microenvironment of proliferation centers seems to influence AID regulation and might be an initiating factor in its transformation.
B-cell chronic lymphocytic leukemia with its tissue counterpart, small lymphocytic lymphoma, is the most frequent type of chronic leukemia encountered in the Western Hemisphere. 1 The disease is characterized by a highly variable clinical course and affects mainly elderly adults, as only 10-15% of these patients are diagnosed before the age of 50 years. 2 In recent years, several studies on peripheral blood and bone marrow cells from patients with chronic lymphocytic leukemia have revealed a strong and independent prognostic value of the IgV H mutation status and further chromosomal aberrations. In the following, four subgroups of chronic lymphocytic leukemia with differing survival probabilities have been defined on the basis of IgV H mutation status, 11q deletion (likely to involve the ATM kinase), and 17p deletion (involving p53). [3] [4] [5] Moreover, patients presenting with nonmutated chronic lymphocytic leukemia with a high germline homology (498%) more frequently show additional unfavorable genomic alterations such as 11q deletion. 6, 7 The association of 17p deletion with non-mutated chronic lymphocytic leukemia varies from strong (Krober et al 6 ) to borderline (Oscier et al 7 ) significance. Del (13q) and trisomy 12 represent two of the most frequently observed chromosomal aberrations in chronic lymphocytic leukemia. Provided that del(13q) is the only aberration, there is a beneficial effect, whereas trisomy 12 appears to be disadvantageous (reviewed by Mehes 8 ). 3 These latter chromosomal alterations have not been correlated with the IgV H status.
In addition to their prognostic role, these chromosomal aberrations allow insight into the pathogenesis of chronic lymphocytic leukemia signified by alterations of candidate genes (11q22-23: ATM and 17p13: p53) and to the time point of hypothetical transformational events during germinal center (GC) reaction, as reflected by the IgV H mutation status. The protein tyrosine kinase ZAP70 has emerged as the most reliable surrogate marker for the IgV H mutational status, with respect to disease progression and survival in chronic lymphocytic leukemia when assessed by flow cytometry. 9, 10 Activation-induced cytidine deaminase (AID) can convert cytosine into uracil on either mRNA or DNA level and is involved in DNA cleavage.
11-14 AID expression is essential for somatic hypermutation and class switch recombination of the immunoglobulin (Ig) gene (reviewed by Okazaki et al 14 )
. An initial report found AID expression to be localized to GC B cells. 11 Recent studies on mRNA on fresh material revealed conflicting results concerning the correlation of AID expression and the IgV H mutation status. [15] [16] [17] [18] [19] Despite emerging knowledge on molecular alterations influencing the biological behavior of chronic lymphocytic leukemia, it is still not clear from which normal B-cell counterpart malignant chronic lymphocytic leukemia cells evolve. Moreover, there are no data available on the role of molecular alterations in small lymphocytic lymphoma. Furthermore, it is not known to which extent the known prognostic surrogate markers from blood chronic lymphocytic leukemia cells can be transcribed to small lymphocytic lymphoma, the tissue counterpart of chronic lymphocytic leukemia. Therefore, the aim of this study was to analyze AID protein in the small lymphocytic lymphoma and tissue presentation of chronic lymphocytic leukemia to (1) determine the immuno-architecture and assess the frequency of AID expression, (2) clarify its prognostic role, (3) determine the relationship with chromosomal aberrations and (4) to investigate whether AID is a surrogate marker for the IgV H mutation status.
Materials and methods

Patients
Archival biopsies of 71 patients with chronic lymphocytic leukemia/small lymphocytic lymphoma diagnosed between 1993 and 2003 were retrieved from the files of the Institute of Surgical Pathology, University Hospital Zurich, Switzerland. Sixty-one were of nodal and 10 of extranodal localization. Sixty-three patients were classified for a chronic lymphocytic leukemia, whereas eight patients had localized nodal disease compatible with small lymphocytic lymphoma. To underline the tissue nature of chronic lymphocytic leukemia, we will talk only of small lymphocytic lymphoma from now on. For technical reasons (acid decalcificiation), no bone marrow trephines were considered for this study. Forty-five of the patients (63%) were male and 26 (37%) were female. The median age was 72 years. Four patients were younger than 50 years 41, 42 at diagnosis. Survival data were available for all 71 patients. Their follow-up time ranged from 1 month to 153 months (median 46 months) during which period 43 patients (61%) died. All biopsies were reviewed by two hematopathologists (CG and MT) using CD20, CD3, CD5, CD23 and CyclinD1 as basic immunohistochemical panel. A TMA was constructed by acquiring two 0.6 mm punches of each of the formalin-fixed, paraffin-embedded tumor biopsies and four reactive tonsils as recently described. 20 Only punches containing at least 30% of tumor cells were selected for further investigations.
The study was approved by the local Ethics Committee of the Canton of Zurich (StV 2-2007).
Immunohistochemistry/Immunofluorescence
Immunohistochemistry (IHC) on TMA sections was performed by an automated immunostainer (Ventana Medical System, Tucson, AZ, USA). An exact identification and analysis of the tumor cell population was performed with the antibodies described in Table 1 . AID protein was investigated in parallel with two different monoclonal antibodies (clone EK2 5G9 and ZA001) of rat and mouse species (Table 1) . To prevent a selection bias by using TMA, whole sections of 17 lymphomas were analyzed for AID in parallel. Double staining for AID with either CD5 or CD23 was carried out using fluorescence labeling of CD5 or CD23 with a goat anti-mouse antibody coupled to Alexa 488 (Invitrogen). For this purpose, AID (clone ZA001) was marked with a polymeric alkaline phosphataselinker antibody conjugate (Bond Polymer AP Detection by Vision BioSystems, UK), excited by TRITC and analyzed on an Olympus BX61 microscope (Schwerzenbach, Switzerland) for conventional fluorescence imaging. The image capture was controlled with the AnalySISPro software (Soft Imaging System, Mü nster, Germany).
The staining intensity for all markers investigated was assessed in a four-tiered system and graded as negative (À), faint (1 þ ), moderate (2 þ ) and strong (3 þ ). Furthermore, the percentage of positive tumor cells was assessed. The cutoff for AID immunoreactivity was set at 5%. The remaining IHC markers were defined as positive if at least 10% of tumor cells were stained. On the basis of a median proliferation rate of 20% (range MIB1 nuclear staining 5-50%), Ki-67 labeling index (MIB1-LI) was grouped into a low (o20% MIB1-positive nuclei) and high (Z20% MIB1-positive nuclei) proliferation rate.
Interphase FISH
For analysis of 11q22.3 (ATM), 17p31 (p53), 13q34 deletions and trisomy 12 commercially available multicolor FISH probe sets (17p13.1LSIp53/11q22. 3LSIATM) and LSID13S319/LSI13q34/CEP 12 (Abbott Molecular, Wiesbaden, Germany) were applied. The protocol was according to the manufacturer's instructions, accustomed to the need of our tissue. Briefly, deparaffinization, pretreatment, digestion and washing steps were all performed in the VP 2000 Processor (Abbott Molecular). The digestion step with 0.5% protease was 15 min for tissue and 10 min for smears. Denaturation and hybridization overnight were performed in a hybridizer (HyBrite, Abbott Molecular) at 371C. FISH signals of at least 100 nuclei of each tumor area were evaluated using a monochrome fluorescence F-View II camera (Soft Imaging System) installed on an Olympus BX61 microscope with analySIS B software (Soft Imaging System). The cutoff for deletions and for trisomy of chromosome 12 was set at 20% on the basis of preliminary examinations on reactive tonsils. The number of chromosomal alterations was calculated for each tumor and categorized into groups with a high (Z2) or low number (r1).
IgV h Mutation Analysis
DNA was extracted either from fresh-frozen or from paraffin-embedded whole tissue, sections according to standard procedures. Specific PCR amplification was carried out using BIOMED-2, V H1 -V H6 FRI-III and JH consensus primers as described. 21 Monoclonal DNA fragments without additional bands on 3% MetaPhor agarose gels were directly purified from amplification reactions using a MinElute PCR Purification Kit (Qiagen, Hilden, Germany). Fragments from monoclonal populations with biallelic rearrangements were excised and subsequently purified with a QIAquick Gel Extraction Kit (Qiagen). Direct sequencing of the PCR products was performed on an ABI 3130xl Sequencer using the Big Dye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems, Rotkreuz, Switzerland). The sequences of both strands were edited with the Sequencher Software v3.1.1 (Gene Codes) and compared with the IMGT immunoglobulin databank using V-QUEST (imgt.cines.fr). A 98% DNA sequence identity with germline sequences was defined as non-mutated small lymphocytic lymphomas as recommended by the European Research Initiative on chronic lymphocytic leukemia. 22 
Statistical Analysis
A complete set of morphological, immunohistochemical, molecular and survival information for univariate statistical analysis was obtained from a variable number of subjects, mainly because of the loss of TMA tissue cylinders. Characteristics of all variables and the number of analyzable cases are shown in Table 2 . A statistical association between AID expression and other parameters was tested using a two-sided Fisher's exact test. Overall survival (OS) was estimated by the Kaplan-Meier method. OS was measured from the date of diagnosis and compared between small lymphocytic lymphoma patients with or without any of the clinical, immunohistochemical or molecular risk factors by log-rank statistics. P-values o0.05 were considered significant. Statistical analysis was performed using the software package SPSS (Version 12.0.1 for Windows, rSPSS Inc., Chicago, USA). 
Results
AID Protein Expression
In reactive tonsils, AID was predominantly expressed in the dark zone of GC cells as previously reported by others. 23, 24 A few scattered cells were seen in the interfollicular area (Figure 1a and 2c) . 25 Immunohistochemical AID expression in at least 5% of malignant cells was seen in 17 of 69 patients (25%). AID staining was found to be exclusively cytoplasmic (in small lymphocytes and paraimmunoblasts). Interestingly, AID expression pattern was rather heterogeneous regarding the percentage of positive cells as well as the staining intensity in an individual lymphoma. In general, only a small fraction of malignant cells (mean 7%, median 0%, range 0-60%) per specimen expressed AID ( Figure  1b, c, 2a-b) . Although the most intense staining was observed in proliferating (MIB1 positive) paraimmunoblasts and in cells of proliferation centers (PCs) (Figures 1d and 2b) , a strong AID expression was not restricted to proliferating cells (Figure 1b-c) . Staining patterns obtained on the TMA were confirmed using whole tissue sections in 11 patients with AID-positive and in 6 with AID-negative small lymphocytic lymphoma. In four patients, follow-up biopsies were available 3 months to 18 years after the initial investigation. In all these four patients with small lymphocytic lymphomas, AID immunoreactivity remained unchanged over time (negative in three cases, strongly positive in one case). The staining results were identical for both antibodies tested.
AID Expression and B-Cell Differentiation Markers
A high Ki-67 proliferation rate (Z20%) was significantly associated with positive AID expression in at least 5% of malignant cells (P ¼ 0.012). However, neither ZAP 70 nor the B-cell differentiation markers CD27 and Bcl-6 were associated with AID immunoreactivity (Table 2) .
AID expression and chromosomal alterations
The number of chromosomal alterations differed in AID-positive and -negative small lymphocytic lymphomas, being higher in AID-positive small lymphocytic lymphomas (Figure 3a-b) . AID-negative small lymphocytic lymphomas showed no or a low number (r1) of chromosomal alterations in 40 of 46 (87%) cases. In this group, deletions of the 13q14 locus represent the prevailing aberration in 23 of 42 (55%) lymphomas, and were significantly associated with AID immunoreactivity (P ¼ 0.036). In contrast, AID-positive small lymphocytic lymphoma had a high number (Z2) of chromosomal alterations in 5 of 14 (36%) cases. ATM and p53 deletions were among the dominating aberrations, found in 12 of 14 (86%) cases in this group (Figure 3b) . Deletion of the p53 gene was observed in 7 of 14 (50%) cases, and deletion of the ATM gene in 5 of 14 (36%) AID-positive small lymphocytic lymphomas, respectively; both alterations were statistically associated with AID expression as summarized in Table 2 .
Deletions of 13q34 and trisomy of chromosome 12 did not show any significant association with AID IHC. 
AID expression and mutation status
Activation-induced cytidine deaminase was expressed in a higher percentage of non-mutated small lymphocytic lymphoma with 10 of 33 (30%) compared with 3 of 27 (11%) mutated small lymphocytic lymphomas. However, owing to the low number of AID-positive cases, this trend did not reach statistical significance (P ¼ 0.115). The mutation status could be assessed in 60 of 69 patients. In our cohort, 33 of 60 (55%) patients were non-mutated small lymphocytic lymphomas, and 27 of 60 (45%) were mutated small lymphocytic lymphomas. The V H 3 family was the most frequently represented (n ¼ 28), followed by the V H 4 and V H 1 families with 13 cases each. V H 1-69 was the most prevalent v-element detected (9/60, 15%), followed by V H 3-23 (7/60, 12%). The IgV H families V H 1-69 and V H 3-23 were mainly found in nonmutated small lymphocytic lymphomas (8/9 and 6/7, respectively). In the mutated small lymphocytic lymphoma group one V H 1-69 and two V H 3-23 were observed. All rearrangements were in frame.
Survival analysis
The follow-up interval of the whole study population after diagnosis was 57 months (range 1-153 months). The estimated median survival time for patients with negative AID immunoreactivity was 130 months (95% confidence interval 96.6-163. survival rates were 76 and 34%, respectively. Only Bcl-6 protein expression in at least 10% of tumor cells (P ¼ 0.003) and deletion of the p53 gene using FISH (P ¼ 0.036) was associated with shorter OS. None of the other immunohistochemical or FISH markers correlated with survival. The median survival time in patients with ATM deletion and p53 deletion was 74 and 50 months, contrasting with 153 months in patients with a 13q34 deletion only.
The median survival time of patients with nonmutated small lymphocytic lymphoma was shorter with 89 months (range 1-153 months) compared with mutated small lymphocytic lymphoma with 105 months (range 6-147 months). However, this trend was not statistically significant (P ¼ 0.25) ( Table 2) .
Discussion
By using a tissue-based approach studying the nodal manifestations of chronic lymphocytic leukemia or small lymphocytic lymphoma and by evaluating AID on a protein level by IHC, we extend the findings of previous groups investigating bloodderived leukemia cells. Hence, in this study, we show a significant association between AID protein expression and unfavorable clinical outcome in patients with nodal involvement of chronic lymphocytic leukemia or small lymphocytic lymphoma, respectively. On the basis of our findings, accelerated cell kinetics as well as p53 and ATM deletion might contribute to this adverse biological behavior as outlined below. For lack of clinical data, however, we are unable to indicate an influence on disease stage or treatment.
The prevalence of chromosomal aberrations of our study on formalin-fixed, paraffin-embedded tissue was comparable with data obtained on fresh blood cells. 26, 27 In chronic lymphocytic leukemia, a significant association between early mortality and ATM deletion was reported. However, although we have seen a trend for such an association, we could not show significance. 26, 28 This is very likely because of the low number of assessable cases. The strong association (Po0.05) of AID protein expression, deletion of both ATM and p53 and the adverse clinical outcome raises the question of an interaction of these genes. Indeed, AID-induced doublestrand breaks can be resolved through the tumor suppressor pathways of ATM or p53 as shown in mouse models. 29 Hence, one could speculate that AID overexpression promotes instability of the genome, which cannot be counter-regulated in the absence of these two tumor suppressor genes. Moreover, as the constitutive expression of AID triggers mutations of non-Ig genes, accumulation of further genetic alterations might be favored by prolonged AID expression. 12, 14, 30 In this context, AID-induced p53 mutation using in vitro systems and the presence of hypermutation of the p53 gene asso- AID in small lymphocytic lymphoma M Leuenberger et al ciated with a high AID mRNA level in chronic lymphocytic leukemia patients is interesting. 30, 31 Despite the association with these adverse biological markers and a high labeling index (MIB-LI 420%), a Cox regression model adjusted for OS did not reveal an independent and negative prognostic role of AID (data not shown).
We were able to define more precisely the immuno-architecture of AID in diseased tissue. AID protein was exclusively expressed in the cytoplasm, but not in the nucleus as would be expected from a protein with DNA mutator function, confirming previous results by western blot analysis on fractionated cells. 32, 33 The staining heterogeneity concerns cell types (paraimmunoblasts and others) as well as staining intensity, the latter being strongest in paraimmunoblasts (Figure 5b-c) . In particular, not all malignant cells stained positive for AID, not exceeding 60% of all tumor cells being the maximum. Using two different AID antibody clones (EK2 5G9 and ZA 001) showing an identical expression pattern, we could exclude technical reasons for this heterogeneity. Interestingly, our findings that only a subset of malignant B cells express AID corroborates results from mRNA analysis obtained from a dilution assay. 15 Both these observations raise the question of whether these B cells are genetically different or inducible by their microenvironment. The fact that AID is particularly expressed in paraimmunoblasts, constituents of PCs, supports the hypothesis that PCs are sites of B-cell activation probably because of a particular microenvironment. 15, 34 It favors the assumption that a specific cellular/chemical composition of the microenvironment is necessary to induce AID expression, leading to enhanced B-cell function and proliferation. Furthermore, the preferential localization of AID in PCs, particularly seen in lymph node manifestations of chronic lymphocytic leukemia, might explain why Pasqualucci et al 33 did not detect the protein by western blotting in blood-derived chronic lymphocytic leukemia cells.
Although the process of somatic hypermutation and switch recombination requires AID, its unbalanced protein expression shown in mutated as well as non-mutated small lymphocytic lymphomas suggests that AID expression is, similar to normal GC B cells, very tightly regulated. It is tempting to speculate that this dissociation between AID expression and the absence/presence of somatic hypermutation in small lymphocytic lymphoma is because of one of the following mechanisms: (1) AID is expressed early in lymphomagenesis during the process of somatic hypermutation. Then, in the later stages of the disease, it might be shut off, requiring secondary genetic hits for lymphoma development, (2) AID is transiently and specifically induced in a particular microenvironment such as in B cells of PCs. Here, it might trigger disease progression and even transformation into aggressive lymphoma. Therefore, PC B cells might represent the initiator cells of prolymphocytic or Richter transformation as Reiniger et al 35 indeed found an elevated AID mRNA level in such patients.
Here, we show that the IgV H gene mutation status stratifies small lymphocytic lymphoma patients into groups with different survival probability. Moreover, ZAP70 expression was correlated with non-mutated small lymphocytic lymphoma (P ¼ 0.028) (data not shown), further supporting our findings. Hence, the lack of statistical significance in survival difference between non-mutated and mutated small lympho- cytic lymphoma might be explained either by the low number of cases investigated and/or the fact that patients with lymph node infiltration already have advanced disease at diagnosis. Our observation that AID is predominantly expressed in non-mutated small lymphocytic lymphoma is in line with previous studies on chronic lymphocytic leukemia cells. [15] [16] [17] [18] [19] Identical to previous studies on peripheral blood chronic lymphocytic leukemia cells, the V H 1 family member V H 1-69 was also preferentially used in small lymphocytic lymphoma and associated with the non-mutated small lymphocytic lymphoma. 36, 37 Similar to Mediterranean countries, we encountered the V H 3-23 family much more frequently than V H 3-21, the prevailing family in Scandinavian countries, which we observed in one single patient. 38, 39 The constant presence of CD27 found in both mutated and non-mutated small lymphocytic lymphomas supports the view that small lymphocytic lymphoma cells derive from memory B cells. 40, 41 Although the memory cell origin of mutated small lymphocytic lymphoma that has transited the GC is feasible, the same origin is difficult to understand for the non-mutated small lymphocytic lymphoma. There are two hypothetical explanations. Precursors of non-mutated small lymphocytic lymphoma may either be derived from B cells that have directly joined the pool of memory B cells circumventing the GC reaction, because of high antigen affinity, or by acquisition of the memory phenotype through a T-independent pathway. 41, 42 Taken together, AID protein expression in small lymphocytic lymphoma correlates with an unfavorable clinical course and adverse biological parameters such as a higher proliferation rate and a complex genetic background. In contrast to normal B-cell differentiation, AID expression in small lymphocytic lymphoma is not directly linked to a hypermutated IgH status, as both mutated and non-mutated variable elements have been found in AID-expressing cases. Therefore, AID does not appear to be suitable as a surrogate marker for IgV H mutation status. As we were able to localize AID to prolymphocytes and cells of PCs, cells of this microenvironment are potential candidates for promoting AID expression.
